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Abstract
We report a gene discovery system for poplar trees based on gene and enhancer traps.
Gene and enhancer trap vectors carrying the GUS reporter gene were inserted at random into the poplar genome, where they reveal the expression pattern of genes at or near the insertion sites. Because GUS expression phenotypes are dominant and are scored in primary transformants, this system does not require rounds of sexual recombination, a typical barrier to developmental genetic approaches in trees. Gene-and enhancer-trap lines defining genes expressed during primary and secondary vascular development were identified and characterized. Collectively, the vascular gene expression patterns revealed that approximately 40% of genes expressed in leaves were expressed exclusively in the veins, indicating that a large set of genes is required for vascular development and function. Also, significant overlap was found between the sets of genes responsible for development and function of secondary vascular tissues of stems and primary vascular tissues in other organs of the plant, likely reflecting the common evolutionary origin of these tissues. Chromosomal DNA flanking insertion sites was amplified by TAIL PCR and sequenced, and used to identify insertion sites by reference to the nascent Populus trichocarpa genome sequence. Extension of the system was demonstrated through isolation of full-length cDNAs for five genes of interest, including a new class of vascular-expressed gene tagged by enhancer trap line cET-1-pop1-145. Gene and enhancer traps provide a new resource that allows plant biologists to directly reference the poplar genome sequence and identify novel genes of interest in forest biology. 5 10 15 20
INTRODUCTION
Forest trees are of overwhelming environmental and economic importance, and also display remarkable developmental traits. For example, long-term perennial growth produces both the largest organism (giant sequoia, Sequoia giganteum) and the longest lived organism (bristle cone pine, Pinus longavea). The genes and mechanisms regulating developmental traits in trees remain largely uncharacterized, however, because classical developmental genetic approaches are not suitable for forest trees. In addition to large size, forest trees have long generation times and suffer from inbreeding depression.
Commonly employed strategies such as loss-of-function mutagenesis that require rounds of sexual recombination or self self-pollination are thus impractical. and cottonwoods) are model angiosperms for molecular genetic studies (Bradshaw et al., 2001) . Poplars offer the advantages of clonal propagation and a highly efficient Agrobacterium-based transformation system. Transformation with recombinant DNA constructs can be used to approximate classical developmental genetic approaches, because recombinant DNA constructs can produce dominant phenotypes that eliminate the need to perform close matings or successive rounds of sexual reproduction. For example, RNA interference (RNAi) produces a dominant phenotype that can be assayed in primary transformants and approximates loss-of-function alleles. Clonal propagation facilitates the replication of selected transformants without the complication of segregation.
The Populus trichocarpa genome is currently being sequenced, necessitating new strategies for gene discovery and characterization that directly reference this resource. In Arabidopsis, powerful strategies for gene discovery relate the insertion site of a recombinant DNA construct to phenotypes in plants. In the simplest strategy, random insertion of T-DNA has been used to produce plants harboring individual gene "knockouts" (e.g., Krysan et al., 2001; Sessions et al., 2002) . Each T-DNA insertion provides a molecular "tag," facilitating sequencing of the genomic DNA flanking the insertion. The exact insertion site is then determined by reference to the genomic sequence, obviating the need for genetic mapping and associated sexual reproduction.
Insertions in individual genes are thus indexed with mutant plant phenotypes and together provide a dynamic resource serving the scientific community. For poplars, an attractive strategy is to devise forward genetic screens using more complex recombinant DNAs that create dominant phenotypes. For example, activation tagging involves the random insertion of a strong promoter element that can result in overexpression of genes near the insertion site, and resulting developmental phenotypes are dominant (Kardailsky et al., 1999) . This approach has been successfully established in poplars, and activation tagging of a poplar gene encoding a gibberellin catabolism-associated protein (PtaGA2ox1) proves the feasibility of this approach (Busov et al., 2003) . Gene and enhancer trapping are alternative methods for insertion-based gene discovery that both reference genome sequence data and produce a dominant expression phenotype (Springer, 2000) . In general, gene trap vectors carry a reporter gene lacking a functional promoter, while enhancer trap vectors carry a minimal promoter element preceding a reporter gene. In each case, the reporter gene is expressed in a fashion that mimics the normal expression pattern of a gene at the insertion site, as has been shown for Arabidopsis gene-and enhancer-trap lines (e.g., Springer et al., 1995; Gu et al., 1998; Pruitt et al., 2000) . The genomic region flanking the insertion site is amplified via PCR and sequenced, and alignment of the flanking sequence with the genome sequence allows immediate mapping of insertions (Sundaressan et al., 1995) . Insertion sites in genes can thus be indexed with expression phenotypes. The same collection of gene or enhancer trap lines can be screened for genes expressed in specific cell or tissue types, expressed at precise times in development or in response to experimental treatments, or protein product subcellular localization (Groover et al., 2003) . Gene and enhancer traps expressed at precise points in development or in response to experimental treatments can be used as convenient molecular markers. In the case of species amenable to inbreeding, individuals homozygous for gene or enhancer trap insertions can also be assayed for mutant phenotypes in addition to expression phenotypes.
We report identification of genes expressed during primary and secondary vascular development using a system for gene and enhancer trapping in poplars. Using gene-and enhancer-trap marker lines, we describe the percentage of genes expressed in different vascular tissues of poplar, and highlight the common occurrence of genes expressed in both primary and secondary vascular tissue or expressed in vascular tissues of more than one organ. Insertion sites were determined by reference to the poplar genome sequence, and full-length cDNAs were cloned for genes of interest. 
RESULTS

Establishing a Collection of Poplar Gene-and Enhancer-trap Lines
Our primary goal was to establish systems for insertion-based gene discovery for poplar trees. Towards that goal, a gene-trap T-DNA vector was derived from modified Ds transposable element gene trap vector (Materials and Methods) used to create a large collection of Arabidopsis gene-trap lines at Cold Spring Harbor Laboratory (Springer et al., 1995; Sundaresan et al., 1995;  http://genetrap.cshl.org/). As shown in Figure 1A Table I. Samples from stems, leaves, and shoot apices were tested for GUS histological staining under low stringency conditions (Materials and Methods). Eight percent of gene trap lines expressed GUS in some part of the plant. Over 68% of enhancer trap lines expressed GUS, but 44% of these lines showed only faint expression in leaf axils. As staining was not observed in untransformed controls, axil staining likely indicates the enhancer trap minimal promoter is predisposed to expression in the axil. As illustrated by cGT-1-pop1-708 in Figure 2A , a low percentage of lines have apparent ubiquitous GUS expression. More commonly, the expression pattern of tagged genes indicates discrete expression patterns, as revealed at high precision by histological GUS staining.
For example, expression in the leaves of cGT-1-pop1-496 is restricted to the hydathodes ( Fig. 2B ). Expression patterns were found that defined anatomical features, such as leaf traces (Fig. 2C,D) . Enhancer-trap line cET-1-pop1-164 stains the adaxial side of petioles and represents an organ polarity marker. In stems, all of the cell and tissue types are amenable to GUS reporter analysis, including the interfascicular region (e.g., cET-1-pop1-103; Fig. 2F ), the ground tissues (e.g., cET-1-pop1-333; Fig. 2G ), the pith (e.g., cET-1-pop1-329; Fig. 2H ), and vascular tissues (see below).
A secondary goal of the work described here was to identify novel markers and genes expressed during vascular development and wood formation. We reasoned that, while some gene-and enhancer-trap lines showed clear vascular expression under the low stringency staining conditions used in the initial screen, additional more strongly expressed vascular genes might display poorly localized GUS staining patterns because of diffusion of the GUS reaction product. Gene or enhancer trap plants that had poorly localized, strong GUS staining were thus retested under high stringency staining to identify additional vascular vascular-expressed lines (Materials and Methods). As summarized in Table I, 
Genes Tagged by Gene-and Enhancer-trap Insertions
The chromosomal region flanking individual gene-or enhancer-trap insertion sites was successfully amplified using TAIL PCR for 34 lines (Materials and Methods). TAIL PCR products were sequenced and used in nucleotide BLAST searches against the 3X draft poplar genome sequence (http://genome.jgi-psf.org/poplar0/poplar0.home.html) that was available at the time. As expected, polymorphisms exist between the TAIL sequences from the P. tremula x P. alba clone used for gene-and enhancer-trap transformation and the P. trichocarpa clone used for genome sequencing. However, as summarized in Table III , the TAIL products all had strong similarity to a sequenced P. trichocarpa genomic clone. In some cases, overlapping clones were available to make an extended contig of the insertion region (data not shown). Insertion sites were confirmed for all insertions in 12 lines tested by PCR amplification of genomic DNA from each line using one locus-specific PCR primer in conjunction with a primer annealing in the gene or enhancer trap vector (Materials and Methods). (Table III) . The genes identified are diverse in both their expression patterns and protein products (Table III) . This suggests that the gene and enhancer traps are not biased towards specific classes of genes or by expression levels.
Full-length cDNAs were cloned for five poplar genes of interest, tagged in cET-1-pop1-18 (encoding a DNA helicase: GenBank Accession AY442255), cET-1-pop1-145 (encoding a novel protein: GenBank Accession AY442256), cET-1-pop1-409 (contains a putative RNA recognition motif: GenBank Accession AY442257), cET-1-pop1-465 (encoding a putative PHD finger transcription factor: GenBank Accession AY442258), and cET-1-pop1-506 (encoding a putative Myb transcription factor: GenBank Accession AY442259). For each gene, TAIL PCR sequence was aligned with the gene's putative Arabidopsis ortholog to establish the most likely gene structure and location of conserved exons. Primers were designed to anneal within exon sequence that would amplify the 5' . Although similar proteins were not found in the GenBank protein database, a putative ortholog was found in rice (Accession AK102581.1) by using the poplar protein to search translated GenBank DNA sequences using tBLASTn. As shown in Figure 4A , the Arabidopsis, poplar, and rice proteins share high similarity across their lengths. Although well conserved across species, there is no published description of these genes.
In situ hybridization was used to confirm that the cET-1-pop1-145 GUS reporter expression pattern faithfully reported the tagged gene's expression. The cET-1-pop1-145 plants express the GUS reporter in leaf veins (Fig. 4B ). As shown in Figure   4C , paradermal sections of leaves hybridized with an antisense probe from the tagged gene label an identical pattern of expression in the veins. Control sense probes do not label the leaf veins (Fig. 4D) . Similarly, cET-1-pop1-145 plants express the GUS reporter in the vasculature of stems. As shown in Figure 4F , hybridization of stem sections with an antisense probe from the tagged gene labels the phloem, while control sense probes do not result in labeling (Fig. 4G) . Thus, the enhancer-trap expression faithfully reflects the tagged gene expression pattern in this line, as has been shown for Arabidopsis gene and enhancer traps (e.g., Springer et al., 1995; Gu et al., 1998; Pruitt et al., 2000) . The anatomy and biochemistry of wood formation has been well described for various tree species, but the genes and molecular mechanism controlling the underlying developmental processes remain largely unknown. Vascular development is difficult to address using classical mutation genetics, because phenotypes resulting from disruption of genes regulating vascular development are expected to result in highly pleiotropic or lethal phenotypes (Nelson and Dengler, 1997) . Gene and enhancer traps are well suited for discovery of vascular regulatory genes, as they report gene expression in heterozygous individuals and do not rely on production of an informative mutant phenotype. 5 10 15 20 25 30 Dividing stem cells in the vascular cambium support secondary growth, including wood formation, and results in radial thickening of stems. Important genes regulating secondary growth and wood formation have been tacitly assumed to be expressed exclusively in wood-forming tissues. Because of the ease with which expression assays can be preformed, the poplar gene-and enhancer-trap lines described herein allowed precise survey of vascular-gene expression throughout the plant. Our results indicate that many genes expressed during secondary growth and wood formation are also expressed in vascular tissues in other parts of the plant, suggesting that differential or subtractive screens that exclude genes expressed in leaves or other organs discard genes that could play a fundamental role in wood formation. Indeed, wood formation has many features shared with the development of primary vascular tissues (e.g. in elongating stems and leaf venation), including the differentiation of the same cell types and patterning of tissues. Although the exact relationship is unknown, provascular cells in primary plant tissues and cells within apical meristems share many characters with vascular cambia, including the ability to divide in an undifferentiated state. A reasonable expectation is that, during the evolution of vascular plants, wood formation arose as a variation of primary vascular development. That secondary growth has arisen independently multiple times during evolution raises the expectation that key aspects of wood formation are regulated by genes and mechanisms regulating primary vascular development.
The percentage of poplar gene-trap insertion lines with an expression phenotype reflects gene density, because the gene trap must insert into the transcribed portion of a gene in the same reading frame as the native gene in order for expression to occur. For poplar, the genome size has been estimated at 450-550 Mbp, approximately five times that of the Arabidopsis genome. We observed 8% of gene-trap lines with an expression phenotype in poplar, vs. 23% in Arabidopsis (Groover et al., 2003) . This is roughly consistent with the estimated genome size for poplar, assuming similar gene density and a slightly higher average number of gene-trap insertions for poplar vs. Arabidopsis. In contrast to gene traps, enhancer traps are less precise gene-finding tools, carrying a minimal promoter that can be activated by genes near the insertion site, and do not require insertion into the transcribed portion of a gene in order to be expressed. A greater percentage of enhancer-trap insertions result in expression patterns, and are thus a rich source of marker lines. In practical terms, the percentage of poplar gene-and enhancer-trap lines with an expression phenotype is high enough that, in conjunction with the efficient transformation system, gene trapping is a reasonable approach for gene discovery in poplars. This is in contrast to many other tree species, most notably conifers, which have very large genomes, presumed lower gene density, and lower transformation efficiency.
To make insertion-based gene discovery feasible for such species, recombinant DNA vectors could be designed that produce selection-based phenotypes (e.g., antibiotic resistance) when inserted into an expressed gene.
MATERIALS AND METHODS
Plant Cultivation and Transformation
Hybrid aspen clone INRA 717-IB4 (P. tremula x P. alba) was propagated and transformed using the protocol of Han et al. (2000) . Briefly, leaf disc and stem segment explants were co-cultivated with Agrobacterium strain GV3101 containing either the enhancer-or gene-trap T-DNA vector prior to induction of callus growth. After induction of shoot growth, one or more shoots from each explant were tested for ability to root in a medium containing kanamycin. A single kanamycin-resistant shoot was selected from each explant to ensure that every line established was derived from a unique insertion event.
Gene-and Enhancer-trap Constructs
Enhancer-and gene-trap T-DNA vectors were derived from vectors originally developed at Cold Spring Harbor (Springer et al., 1995; Sundaresan et al., 1995) . The binary vector pCambia 1200 (Accession AF234292.1) was modified by digestion with Xho I and EcoR I to remove the 1.1-kb T-DNA region conferring hygromycin resistance. The ends of the vector were blunted with Klenow and religated to create p1200<35S::HYG>. The Sac1 fragment of enhancer trap vector pWS31 (Accession AF433042.1) was cloned into the Sac I site of p1200<35S::HYG> to create cET-1 (Fig. 1A) . The Sac I fragment of gene trap vector pWS32 (Accession AF433043.1) was cloned into the Sac I site of p1200<35S::HYG> to create cGT-1 (Fig. 1B) . cDNA synthesis and RACE were performed using a SMART RACE cDNA Amplification kit (Clontech). Sequences were assembled using Bioedit (Hall, 1999) . Upon request, all novel materials described in this publication will be made available in a timely manner for non-commercial research purposes. We are currently establishing additional poplar gene-and enhancer-trap plants that will be available to screen upon request. Screening results are available on CD-ROM as an Access database. The enhancer trap (cET-1) contains the GUS reporter adjacent to the left border, and is preceded by a minimal 35S promoter. The minimal promoter is not itself sufficient to drive GUS expression, but is activated when inserted in close proximity to transcriptional "enhancers" (e.g., promoter) of an expressed chromosomal gene. For both constructs, bacterial selection is 100 µg/ml spectinomycin; plant selection is 50 µg/ml kanamycin.
Figure 2.
Gene expression patterns revealed by GUS reporter histological staining resulting from gene-or enhancer-trap insertion. Most genes are expressed in a discrete subset of tissues or cell types, and expression can be assayed in a variety of organs including roots (not shown), leaves, and stems. Gene-trap line cGT-1-pop1-708 (A) is an exception, and the tagged gene is expressed uniformly. Examples are shown of expression patterns that would not be readily revealed by other current gene expression technologies (e.g., microarrays). Gene-trap line cGT-1-pop1-496 (B) is expressed in the hydathodes of the leaf. Lines cET-1-pop1-234 (whole mount staining of stem, C) and cET-1-pop1-13 (cross-section through node, D) are expressed in the vascular leaf traces. Line cET-1-pop1-164 (cross-section through petiole, E) includes expression on the adaxial side of the petiole. The different tissue and living cell types of the stem can be assayed for gene expression, including the interfascicular zone stained by cET-1-pop1-103 (F), the ground tissues in cET-1-pop1-333 (G), and the pith in cET-1-pop1-329 (H). 
